Glutamine is the most abundant amino acid in mammalian Ammonia excretion was studied in rat ileal segments during perfusion of the animal through the saphenous vein. In the first 10 min during and after intravenous infusion of L-glutamine (116 mg/ kg to double arterial glutamine concentration) average net change in lumenal ammonia was 13 f 8 (S.E.) m o l e NHs/min/g ileum; average net change in ileal venous ammonia was 28 f 9 m o l e NHs/min/g ileum; and average net change in total ammonia (lumen + ileal vein) was 41 f 13 compared to -5 f 10 urnole/ min/g ileum for animals infused with saline P < 0.025. These data suggest that ileal metabolism of arterial glutamine liberates ammonia to both ileal venous blood and intestinal lumen. When a cationexchange resin which b i d s ammonia was infused intralumenally, average net change in lumenal ammonia in the fvst 10 min during and after intravenous infusion of 116 mg/kg L-glutamine was 415 f 156 nmole NHs/min/g ileum (p<0.01 compared to value during perfusion of Earle's solution alone). During the first 10 min during and after glutamine infusion net change in ileal venous plasma ammonia was -8 f 14 when resin was beiig perfused through the lumen compared to +28 f 9 nmole/min/g ileum during perfusion of Earle's solution alone without resin P < 0.05. Thus resin in the small intestine can trap very large ---amounts of ammonia.
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plasma. In the rat it is an important respiratory fuel for the intestine, as intestinal metabolism of arterial glutamine provides approximately 35 to 45% of the COz produced by the organ (24, 25) . Windmueller and Spaeth (24) have demonstrated that in an isolated vascularly perfused segment of jejunum, ammonia released into venous blood accounted for approximately 8090 of glutamine taken up on a mole-for-mole basis.
We have previously shown that an intravenous bolus of glutamine increases both venous and lumenal ammonia in an isolated vascularly perfused ileal segment of rat (16) . Studying the dog, Weber and Veach (22) showed that small intestine accounted for 50% of the total ammonium released into intestinal venous blood from jejunum, ileum, and colon. The release of ammonium was directly related to the uptake of glutamine.
Herein, we present data regarding ammonia accumulation in rat ileal lumen and further demonstrate that in the hyperglutaminemic state, an intralumenal cation-exchange resin which binds ammonia can markedly increase lumenal ammonia. Of possible therapeutic signif~cance is the observation that the rise in ileal venous plasma ammonia usually observed after intravenous glutamine is abolished by an intralumenal cation-exchange resin.
MATERIALS AND METHODS

Spe~dation RATS AND DIETS
Ammonia-binding cationexchange resins may be useful theraSprague-Dawley rats fed Ralston Purina Rat Chow were used. p e u d c d~ in l o w e r b portal Venous ammonia increasing in-Intestine donors were males weighmg 330 to 470 g and were fasted te~tinal ammonia excretion in padents with h~p e r w o n e m i a .
overnight. Blood donors were nonfasted adult rats.
The management of chronic hyperammonemia in the pediatric ILEAL SEGMENT PREPARATION patient has been limited to dietary protein restriction which may Ileal segments were prepared in a fashion similar to the Windresult in malnutrition(4), antibiotic administration, which may mueller and Spaeth (26) jejunal segment preparation. In our result in oto-and neurotoxicity, lactulose administration with re-experiments the Earle's balanced salt solution bathing the gut sultant diarrhea, and feeding of the very expensive keto-analogues serosa contained 1 1.1 mM glucose and 0.6 mM glutamine. (Comand hydroxy-analogues of essential amino acids (1) . Alternative or position of Earle's solution in mg/liter: NaCl 6800, KC1 400, adjunctive therapy is desirable, as is more knowledge about the CaC12:H20 265, MgS04:7 Hz0 200, NaH2P04:H20 140, and sources and distribution of ammonia in the body. Herein we phenol red 0.01 g/liter.) The solution perfusing the lumen was investigate ileal metabolism of glutamine as a source of ammonia Earle's solution alone without added glutamine or glucose. Both and show that an intralumenal cation-exchange resin can lower inflow and outflow lumenal cannulae were used with each segintestinal venous ammonia. ment. In most experiments, the ileal vein but not the segmental Although the colon has long been recognized as a major source artery was cannulated. Sodium heparin (2.5 mg in 0.15 ml normal of ammonia in mammals, including man (17, 18) , the small saline) was infused into the saphenous vein to anticoagulate the intestine is also capable of ammonia absorption (9) and secretion animal before cannulation of the aorta and segmental ileal vein. (13) . Summerskill and Wolpert (18) , on the basis of steady-state The intestinal lumen was flushed for at least 15 min (or longer if basal ammonia output from perfusion studies, estimated that needed to produce a clear effluent) with Earle's solution before jejunum and ileum generated one-quarter of the ammonia pro-beginning each experiment. Lumenal pH was sampled periodiduced in the gastrointestinal tract of healthy man. Possible sources cally; pH range was 7.0 to 7.4. Each experiment was begun of ammonia in the small intestinal lumen include mucosal urease immediately after the segmental ileal vein was cannulated. Donor (19) and both ammonia (15) and glutamine (23) in arterial blood. blood was infused through the saphenous vein at a rate sufficient Glutamine metabolism by intestine appears to be a quantita-to maintain initial blood pressure. Saline alone or with added tively important source of ammonia in intestinal venous drainage. glutamine was infused in the saphenous vein as noted in the discussion of the various experiments. The animal was warmed by a heat lamp to maintain rectal temperature above 36.5"C. At the conclusion of the perfusion the ileal segments remained pink; histologic examination revealed intact mucosa.
RESIN PREPARATION
Since the smallest available resin bead, 200 to 400 mesh, settles out of solution within a few minutes, special preparation of the resin was necessary to produce a resin fine enough to remain in suspension for the duration of the experiment. Dowex 50 W x 8 (200 to 400 mesh) (Sigma Chemical Co., St. Louis, MO) strongly acidic cation-exchange resin was vacuum-dried for 72 hr and then steel-ball milled for 72 hr. An aliquot of resin was mixed I: I0 with tap water and allowed to settle. Resin remaining in suspension after 1 hr was converted to the sodium form (10) and stored in 4 M NaCl at 4OC. For each experiment resin was washed with six bed volumes of fresh 4 M NaCl followed by six volumes of deionized water and mixed 1:100 with fresh Earle's balanced salt solution.
RESIN PERFUSION
Five-milliliter syringes were filled with the fresh resin in Earle's solution at the beginning of a perfusion. The resin solution was perfused through one arm of a Y-tubing attached to the lumen inflow catheter, the other arm of the Y being attached to tubing coming from the Earle's solution. One arm of the Y tubing was primed with resin at the beginning of an experiment. During each 10-min period of resin perfusion, 5 ml of the resin solution were perfused. The gut was flushed two times with 2.5 ml Earle's solution at the end of each 10 min. Two of the 5-ml syringes were used as blanks, one being processed at the beginning of the experiment and the other at the experiment's conclusion, having been allowed to stand in room air during the experiment. This was done to correct for possible adsorption by the resin of ammonia from room air.
FLOW RATES
Flow rates were determined gravimetrically. Average ileal venous flow rate varied from 0.09 to 0.15 ml/min. Average lumenal flow rate varied from 0.3 to 0.8 ml/min. Since the average segment weight was 0.4 g, venous flow ranged from about 0.2 to 0.4 ml/ min/g and lumenal flow from about 0.8 to 2.0 ml/min/g ileum.
SAMPLES
Ileal venous and intestinal lumen samples were collected continuously at 5 to 10-min intervals. Aorta samples were collected at the beginning of the lumenal perfusion period, the beginning and end of the 5-min glutamine infusion period, and every 5 to 20 min thereafter depending on the experiment. Plasma was separated from blood immediately after each specimen was collected, quickfrozen, and stored at -70°C. Samples were analyzed within 72 hr, since previous work had demonstrated sample stability within that time limit (10) . Duplicate analyses were performed on all samples from aorta and lumen, and also on ileal venous samples when volume permitted.
CHEMICAL DETERMINATIONS
Ammonia determinations on plasma and lumenal fluid were done according to Oberholzer et a1. (9) . Standard deviation of 15 samples of 102 pmole/liter was 6 pmole/liter. Standard deviation for 21 samples of that same standard analyzed over 1 month's time was 6 pole/liter. Ammonia bound to resin was assayed by trapping the resin on 1.2 p Millipore filters (Millipore Co., Bedord, MA) and using the filters in place of the micro-columns in the Oberholzer assay. Plasma and lumenal fluid glutamine was determined enzymatically and micro-fluorometrically using Escherichia coli L-glutamine amidohydrolase EC 1.5.1.2 (5).
CALCULATIONS
Ileal glutamine extraction was calculated by the aorta venous plasma glutamine concentration difference x the ileal venous flow rate (ml/min/g ileum). Lumenal ammonia was determined by the lumenal ammonia concentration (nmole/ml) x the lumen flow rate (ml/min/g ileum). Ileal venous plasma ammonia was expressed as plasma concentration (nmole/ml) x the flow rate (ml/ min/g ileum). Mean base line values (before intravenous infusion of glutamine or saline) are expressed as nmole/min/g ileum and were calculated for the group as the average of the mean base line values for individual animals. The mean base line for each animal was calculated from three 5-min samples collected from the 5th to the 20th min of perfusion of the ileum with Earle's solution. (The first 5-min blood samples were considered to be subject to contamination and were not included in the analysis). Peak value refers to the peak 5-min period (expressed as nmole/min/g ileum) in each animal in the 20 min during and after intravenous infusion of saline or glutamine, regardless of when the peak occurred. Net data were derived by subtracting mean baseline for each animal from the various postglutamine or saline infusion values (0 to 10 min, peak, and 0 to 20 min; see Table I ).
STATISTICAL ANALYSIS
The nonpaired, one-tailed I test was used for all comparisons.
Comparisons were made between glutamine-and saline-treated animals, and between glutamine-infused animals in the presence or absence of intralumenal resin. Data are expressed as the mean * S.E.
RESULTS
Preliminary studies indicated that the ileal segment preparation itself did not increase the production of ammonia in either lumen or ileal vein during 45 min of perfusion. In two rats in whom neither glutamine nor saline was added to the continuous transfusion of homologous blood into the saphenous vein, average lumenal NH:, at 0 and 30 rnin of perfusion of the lumen with Earle's solution was 35 and 34 nmole/ml, respectively. In five rats after a 20-min base lime perfusion of the lumen with Earle's solution, 3 ml of 0.9% saline were infused in the saphenous vein over a 5-min period. Results, shown in Figure 1 neither lumenal nor ileal venous ammonia increased in the 25 min after saline infusion. Similarly glutamine extraction from blood did not change.
PERFUSION WITHOUT RESIN
Six rats received 116 mg/kg L-glutamine in the saphenous vein over 5 min, after a 20-min base line perfusion of the lumen with Earle's solution. This amount of glutamine raised the arterial plasma glutamine concentration at the end of the 5-min infusion to 2 to 3 times base line values. Figure 2 records average results for each 5-min period during perfusion. Average maximal lumenal ammonia occurred 10 to 20 rnin after glutamine infusion, and was 1.7 times the average base line value. Similarly, maximal glutamine extraction by the ileal segment occurred 10 to 15 rnin after infusion of glutamine and was almost five times the average base line values. Ileal vein ammonia averaged for the entire preinfusion baseline was 21 + 7 and 48 + 17 nmole/min/g ileum for the experiments depicted in Figures I and 2 , respectively. These values correspond well with the average amount of glutamine extracted in each preinfusion base line (23 f 14 and 39 -t 16 nmole/min/g ileum, respectively), suggesting that deamidation of glutamine could account for almost all of ileal venous ammonia. The average base line lumenal ammonia in Figures I and 2 (38 f 13 and 30 * 4 nmole/min/g ileum, respectively) wuld have resulted in part from the action of bacterial and mucosal ureases on urea, since the animals were not germ free. Table 1 records net changes in ammonia production and glutamine extraction during perfusion of the lumen with Earle's solution. Glutamine infusion into the saphenous vein resulted in significant increases in net ammonia in ileal venous blood compared to saline-infused animals.
The average increase in glutamine extraction in the first 20 rnin following glutamine infusion, 86 f 40 nmole/min/g ileum, could account for all the increase in ammonia measured in ileal venous plasma and lumenal fluid (34 + 20 and 12 + 5 nmole/min/g ileum, respectively). Fifty-three percent of the ammonia produced by ileal metabolism of glutamine (46 of 86 nmole glutamine/min/ g ileum) could be accounted for as free NH3 in the ileal vein and lumen. Seventy-two percent of ammonia produced by intestinal mucosa (34 of 46 nmole NH3/min/g ileum) was in the venous plasma and 28% in the lumen. Interestingly, although arterial plasma glutamine concentration after glutamine infusion was as high as 1500 nmole/ml (normal = 500 to 600 nmole/ml) only barely detectable amounts of glutamine were found in the lumenal fluid. ' Net ileal venous and lumenal ammonia, and ileal glutamine extraction (A-V gln x flow rate) were collected in five animals infused with 3.0 ml0.9F
NaCl and six animals infused with 116 mg/kg L-glutamine in 3.0 ml of 0.9% NaCI. lnfusion was made in the saphenous vein at 20 to 25 min of perfusion of the lumen with Earle's solution. Results are expressed as the mean f S.E. for each period. Net data were derived by subtracting the mean preinfusion value for each animal from the various postglutamine or saline infusion values (first 10 min, peak, and first 20 min).
' First 10 min during and after glutamine or saline infusion.
" P < 0.025 compared to saline control. P < 0.05 compared to saline control.
"First 20 min during and after glutamine or saline infusion.
PERFUSION WITH RESIN
nmole NM3/min/g ileum). There was a trend for peak and first
In four rats the Earle's + resin solution was perfused through the gut for 20 min to allow equilibration. Then 116 mg/kg Lglutamine in 3 ml0.9% saline was infused through the saphenous vein over 5 min and samples were collected for 20 min. Three rats were infused with saline alone. Figure 3 demonstrates that lumenal ammonia in the first 20 min during and after intravenous glutamine was approximately two and one-half times as much as when saline was ihfused intravenously. Of the ammonia measured in lumenal fluid 89 to 96% was bound to the resin.
Although glutamine extraction was not significantly greater in glutamine-treated animals when resin was perfused than when Earle's solution alone was perfused, there was a marked increase in lumenal ammonia in the presence of resin (Table 2 ). However, when resin was perfused, net ileal venous ammonia did not rise during the first 10 min during and after intravenous glutamine infusion -8 f 14 nmole NH~/min/g ileum). This net change in 20 rnin average netileal venous ammonia to be lowdr during resin perfusion than perfusion with Earle's alone.
DISCUSSION
Our data demonstrate that ileal extraction of arterial glutamine provided ammonia to both the intestinal lumen and the venous circulation of the ileal segment. The perfusion system itself did not cause an artefactual increase in the lumenal and venous ammonia concentrations as no increases were noted in saline infused animals throughout the duration of the experiment. Twenty-eight percent of the ammonia produced during and after glutamine infusion was released into the lumen and the remainder was found in the ileal vein.
Although the amide nitrogen of glutamine was not labelled in our experiments, a preliminary report (7) suggested that the amide NI5 nitrogen of glutamine injected intravenously into rats appears in the small intestine as ammonia. Windmueller and Spaeth (23) postulated that either hydrolysis of the glutamine amide nitrogen to yield ammonia or transfer of amide nitrogen to an organic receptor such as a ketoglutarate was likely to be an important first stepmin intestinal metaklism of &tarnine. ~u b s e~u e i t l~, Pinkus and Windmueller (1 1) demonstrated that ohosohate-dewndent . , 1 glutaminase I, (L-glutamine amidohydrolase EC 1.5.1.2) located in mitochondria of both villus and crypt cells, is the maior glutamine-utilizing enzyme of small intesihe of several speciesof laboratory mammals including rat. Other less active glutaminedegrading enzymes of rat small intestine include glutamine transaminase (EC 2.6.1.15)(7), carbayoyl phosphate synthetase (EC 2.7.2.9)(20), phosphoribosyl pyrophosphate amido-transferase (EC 2.4.2.14) (12) and fructose-6-phosphate amino-transferase (EC 2.6.1.16 = EC 5.3.1.19) (6). Although the enzymes of glutamine utilization in human small intestine have not been characterized it is clear that intestinal extraction of glutamine occurs in postabsorptive man (2). Both oral and intravenous glutamine administration to cirrhotic adults results in Dromot increase in , .
peripheral blood ammonia concentrations (14) .
Several explanations are possible for the fact that the average net lumenal ammonia in the presence of intralumenal resin (378 f 124 nmole/min/g ileum) was greater than net glutamine extraction (93 * 77 nmole/min/g ileum). First, the peak of arterial ammonia extraction could have been missed, leading to underestimation of glutamine extracted. Second, the intestinal tissue itself might have provided ammonia from nonglutamine sources. Third, the resin could have adsorbed ammonia from the atmosphere. This latter explanation seems very unlikely, since parallel resin tubes exposed to room air in the laboratory were assayed for ammonia to give control values. Both these control values and the base line lumenal ammonia values were subtracted from lumenal ammonia during resin perfusion to give net lumenal ammonia.
The idea of using the gut as an ammonia trap is not new, but arious methods of trapping the ammonia have been designed to rork in the colon, which was assumed to be the principle source f ammonia in the gastrointestinal tract(l5). An orally adminis-:red cation-exchange resin could remove ammonia from the small itestine, as well as large intestine. Small intestinal ammonia roduction (and glutamine extraction) may well be increased in yperammonemi6 states in man since plasma glutamine is often levated in such states (21) . Hanson and Parsons(3) showed that itestinal glutamine utilization in vascularly perfused small intesne of rat increased as glutamine concentration of the perfusate las raised. In our experiments peak intestinal glutamine extraction lith intravenous glutamine loading was almost 10 times as great s in saline-infused animals and total ammonia (ileal venous plus imenal) was significantly higher in the glutamine compared to le saline-infused animals. Zuidema et a1. (26) demonstrated that an oral cation-exchange :sin could lower blood ammonia in dogs with porto-caval shunts lade hyperammonemic with administration of whole blood by astric tube, or by intravenous infusion of ammonium citrate. Our ata in the rat suggest that trapping of small intestinal ammonia lay play an important role in this response. Zuidema el al. (27) rarned that long-term administration of the sodium-cycle exhange 'resin (used by both him and us) might lead to potassium epletion. In summary, our experiments demonstrated the ability of an ~tralumenal cation-exchange resin to effect a large increase in tmenal ammonia excretion during and after intravenous glutatine. At the same time the expected rise in venous NH3 (observed I other elutamine-infused rats not treated with resin) was Dre-
